ABSTRACT Electrophoretic examination of 8 allozyme l o c~ In 10 Spanish natural populations of Crassostrea angulata revealed a high level of genetic variability in terms of average allele number, polymorphism and mean heterozygosity. Significant departures of genotypic frequencies from the HardyWeinberg conditions, which could not be explained after pooling alleles, were displayed at some loci. All populat~ons showed a deficit of heterozygotes, according to Selander's D -Het.t. ,,,E.,,t., l)/Het.r,XFrC,c~t]; moreover, the mean D index across populations was negative for thc Lap, Mdh-l. Mdh-2, Me-2 and Xdh genes, consistent with Frr estimates, which indicates deviations from Hardy-Weinberg equilibrium within the total population. In contrast, loci M e -l and Pgi were at equilibrium and Pgm showed a heterozygous excess. Null alleles appeared in Lap and Mdh-l loci, which could have been responsible for the disequilibrium, at least in Mdh-I, because the increase of frequencies of null alleles was also related to the increase in the def~cit of heterozygotes. Although a high level of gene flow between populations was detected, heterogeneity in the allelic frequencies of Lap, Mdh-1, A4dh-2, Me-2, Pgn? and Xdh genes was shown to occur Mean FST (F-statistic indicat~ng deviations from Hardy-Weinberg equil~brium among populations) across loci was 0.031, meaning a slight genetic differentiation; however, no relationships were shown to exist between genetic distances, geographic distances and their location (estuarine or marine sites).
INTRODUCTION
Crassostrea angulata, known as Portuguese oyster, is an oyster species naturally located on the coast of the the southwest Iberian Peninsula, mainly at river mouths and heads of estuaries with suitable hard substrates (Marteil 1960) . Adult oysters are sesslle, with a tendency toward protandrous hermaphroditism flrsttime spawners are predominantly males, whlle older age classes often change to females. Simultaneous production of eggs and sperm by a n individual is rare, and hence self-fertilization is minimal. Spawning takes place several times during the summer months, with both sexes synchronously releasing gametes into the water column. Sperm and eggs remain viable for up to 5 and 24 h, respectively. Fertilization is external, and the zygote reaches a free-swimmlng planktonic larval stage within 4 8 h, then the vellger larvae may swim and drift for 2 to 3 w k and provide the potential for high dispersal (Korringa 1952) .
There are contradictory data about the systematics of some Crassostrea species. C. sikamea had been considered a local variant of the Pacific oyster C. gigas because they occur sympatrically, although 2 types of C. sikamea oysters are known. Clear taxonomic separation between C. sikamea and C. gigas had not been established until recently, based on the concordance of results from gametic incompatibility, fixed alternate mitochondrial haplotypes and nuclear-encoded allozyme-frequency differences (Banks et al. 1993) . Moreover, C. virglnica and C. rhizophorae are considered to be closely related species or different varieties of the same species and they have the highest genetic similarity within the genus Crassostrea (Buroker et al. 1979 ). Another species, C. rivulans, was thought to have 'red' a n d 'white' forms until they were recognized to be morphologically a n d biochemically distinct species, C. rivularjs and C.
iredalei, respectively (Gaffney & Standish 1993) . On the other hand, C. angcjlata and C. gigas have been classified as distinct species based on their geographical location, their fossil records and to some extent their morphology; however they cannot be distinguished in terms of larval morphology and karyotype (Thiriot-Quievreux 1984) .
There is an obvious interest in clarifying the taxonomy of the genus in terms of interspecific hybridization that might yield small changes in conlmercial traits of the species, because these traits can be refined by selection and backcrossing. An important feature nf thic ~trster;;i fnr ; r q n ; l~l ? ! t~~e is the rapid generation of novel genotypes in contrast to the gradual progress of conventional breeding. Nevertheless, according to Gaffney & Standish (1993) there has not been unequivocal evidence for the formation of viable interspecific hybrids among species of the genus Crassostrea. CTSP. Sancti Petri; BR: Barbate; VP: Vejer incomplete and natural populations of the species have not been studied before. These populations were overexhausted from MATERIAL AND METHODS the 1940s until the 1970s and nowadays they are not only of obvious taxonomic a n d ecological interest but Samples. Samples of Crassostrea angulata were also of economic importance, because they are sources taken from natural populations at 5 estuarine and of progenitors for hatcheries.
5 nearshore marine sites along approximately 200 km Population genetics of marine molluscs is characterof the southwestern Spanish coast from the mouth of ized by (1) significant and persistent departures of the Guadalquivir River to the Straits of Gibraltar genotypic frequencies from the Hardy-Weinberg (Fig. 1) . The estuarine sites were Sanlucar d e Barexpectations (Foltz 1986b , Hare et al. 1996 , (2) relarameda (SBD), located at the mouth of Guadalquivir tionships between genetic structures and environmenRiver, and the nearby located Punta de Montijo tal changes (Koehn et al.. 1980) and (3) the relationship (SBPbI), Chipiona Faro (CHF) and Ch~piona Corral between heterozygosities a.nd/or allozyme genotypes (CCP). Barbate (BR) at the mouth of Barbate River was and quantitative traits such as viabilities, growth rate, also a n estuarine site, but far away from the others. etc. (Zouros et al. 1988) .
The marine locations were: La Caleta (CLC), Santa The aim of this work was to study the genetic variMaria del Mar (CSMM), San Fernando (SFT), Sancti ability, genetical structure and relationships of natural Petri (CTSP) and Vejer (VP) populations of Crassostrea angulata by analyzing Electrophoretic methods. Specimens were brought allozyme variation in order to gain insight into the to the laboratory and, after being cleaned of fouling genetics and population structure of the species.
organisms, kept alive in a tank containing chlorated water and allowed to purge thenlselves for 24 h. Starch gel electrophoresis was conducted using methods outlined by Selander et al. (1971) . Six enzynlatic systems controlled by 8 loci were studied: malic enzyme (E.C. 1.1 .l .40) was controlled by the 2 loci Me-l and Me-2; malate dehydrogenase (E.C. 1.1.1.37) by Mdh-l and Mdh-2; phosphoglucomutase (E.C. 5.4.2.2) by Pgm; phosphoglucoisomerase (E.C. 5.3.1.9) by Pgi; leucine aminopeptidase (E.C. 3.4.11.1) by Lap; and xanthine dehydrogenase (E.C. 1.1.1.204) by Xdh. Activity zones were numbered from slower to faster migration, and within a locus alleles were assigned by numbers indicating their mobility relative to that of most common allele which was designated as '100. Null alleles were referred to by the number '00 (Foltz 198613 ).
Data analysis. Genetic variability was determined by using 3 estimators: (1) the unbiased estimate of heterozygosity for each locus (h) and the average heterozygosity over loci (H); (2) To study the amount of gene flow between populat i o n~, the genetically effective number of migrants between populations, Nm, was estimated using Wright's (1943) island model of population structure. Under this model genetic divergencc? is related to gene flow by the formula Nm = (l/FsT -l)'i4 using the average FsT across loci.
The genetic divergence between population samples based on Hedrick's (1971) distances were displayed by 'UPGMA (unweighted pair-group method using arithmetric averages) dendrograms (Sneath & Sokal 1973) .
RESULTS
The 8 genes studied were polymorphic, with allelic frequencies as shown in Table 1 Polymorphism ranged between 62.5 and 75%" at the P,,., level; holyever, it increased to 87 % in 4 populations and to 10OiX1 in 3 populations at the P,, level and under noncriterion one more population than this reached 100'%. The average heterozygosity (H) in populations ranged from a maximum value of 0.382 + 0.086 in CCP, which also had the highest average allele number (n, = 3.38 + 0.56), to a minimal value of 0.292 + 0.103 in BR, which had n, = 2.63 + 0.53. SBPM showed the lowest n, of Table 2 ). The largest geographic differentiation in allelic frequencies was displayed by Mdh-l (FsT = 0.078) and Xdh (FsT = 0.052). x 2 values of contingency indicated that Lap, Mdh-l, Me-2, Pgm and Xdh were statistically significant at p c 0.001, Mdh-2 was significant at p < 0.05 and Em-1 and Pgi were homogenous The average Nm was 7.81 ? 3.28 ranging from 17.61 in M e -l to 2.96 in Mdh-l
The maximum unbiased genetic distance of Nei (1978) was 0.038 between CLC and CHF and the minimum was 0.000 between SBPM and SBD. According to Hedrick's (1971) data, the maximum was 0.074 between SBD and CTSP and the minimum 0 010 between CCP and CHF ( clearly in Fig. 2 , which also indicates no relationships differentiation between local, natural populations of between genetic distances and geographic ones and Crassostrea angulata. The enzymes studied were chotheir location (estuarine or marine).
sen randomly and not due to their variability; in fact the 2 systems controlled by 4 of the analysed loci (Mdh-l, Mdh-2, Me-I and Me-2) had been described DISCUSSION as monomorphic in C. virginica (Foltz 1986b (Hedrick 1971) above diagonal and unbiased genetic distances (Nei 1978) below diagonal, based on 8 loci for 10 populations. See Fig. 1 Table 3 . See Fig. 1 for locality abbreviations number of alleles at low frequencies has been described in bivalves (Sarver et al. 1992 ) and has to be considered in relation to the mean allele number (n,) because the restricted distribution of alleles that occurred at frequencies less than 0.03 to 0.04 can be attributed to sampling. The D index showed a deficiency of heterozygotes in all populations, with the extent of homozygous excess varying greatly among loci, as has been repeatedly observed between marine molluscs (Singh & Green 1984 , Staton & Felder 1995 . One of the most extended theories reported for expialn~ng this fact is the presence of null alleles in populations, because activehull heterozygotes can be misinterpreted to be active homozygotes. Null alleles have been reported in !cucine ~minopeptidase and iii~i~~~uaepiluspildte isomerase in C. virginica (Foltz 1986a ) and in leucine aminopeptidase in Mytilus edulis (Mallet et al. 1985) . Experimental evidence in favour of null alleles as a possible cause of heterozygote deficiency in C. virginica has been obtained by Foltz (1986a) .
A negative D index value was found for the Lap gene in all populations except in SBPM (here both null alleles were missing and the x2 of fit to Hardy-Weinberg conditions was not significant). SBD, VP and SFT population~ exhibited a negative D value, but their genotypic proportions were not statistically significant. Population~ BR, CTSP and CSMM, with statistically significant values, showed nonsignificant X ' values when pooling of alleles was carried out; CHF, CCP and CLC were the populations that showed null alleles. CHF also reported non-significant x2 values on Lap and Mdh-l genes after pooling; however, CLC and CCP, in which null alleles appeared at frequencies of The other loci deviations can only be attributed to null alleles if it is assumed that null allele homozygote is lethal, since no non-staining individuals were observed, which would imply that the silent alleles occur in the heterozygote form only.
Another explanation for genotypic frequency departures could be the occurrence of selective forces causing post-settlement, micro-geographical differentiation, because if functional differences exist among genotypes and if certain heterozygotes represent disadvantageous levels of enzyme activity it could be assumed that natural selection will act against those heterozygous genotypes and thus account for the observed heterozygote deficiency. Although in most cases the action of selection at gene loci is difficult to demonstrate experimentally, evidence for the correlation of changes in allele frequencies with heterogeneous environmental parameters has been used to infer selection in natural populations of different species (Beaumont 1982) . In this sense, higher frequencies of homozygotes have been found in juveniles than in adults, possibly as a result of selection against homozygosity ( Koehn et al. 1976) . A case of heterozygosis dependent growth has been established in the American oyster (Sing & Zouros 1978) , and studies in other bivalve species point to selection as a major factor causing heterozygote deficiency (Beaumont et al. 1983 , Hilbish & Koehn 1985 .
Restricted gene flow between populations has been claimed to be responsible for the departure from equilibrium proportions. Nm indicates the relative strengths of gene flow and genetic drift, which will lead to substantial local differentiation if Nm < 1 but not if Nm > 1 (Slatkin 1987) . Nm estimates from all loci (Table 2) are consistently above 1 and indicate that gene flow is sufficiently strong to prevent genetic drift from causing more local genetic differentiation. The locus M d h -l differs sufficiently from the others and itself or a locus closely linked could be subject to strong natural selection, favouring different alleles in different populations.
Mdh-2 had a D value of -0.150, but was at HardyWeinberg equilibrium in all populations except CCP (p < 0.01). Me-1 and Pgi produced D values close to zero (except in SFT and BR) coincident with the goodness of fit of proportions in all populations and the positive D value for the Pgm gene only was significant ( p < 0.05) in CSMM. Me-2 and X d h , which yielded high negative D values (-0.268 and 0.562, respectively), did not have null alleles and the frequencies of all electromorphs were >0.05. Nevertheless, only Me-2 was a t equilibrium in SBD, SBPM and CLC populations, and CLC was also the only population which did not show departures from Hardy-Weinberg proportions for the X d h gene. Selection and/or hidden variability could be a likely explanation for disequilibrla of these genes. A second possible explanation may be the finding that many electromorphs are known to harbour hidden variation that can be uncovered by varying the assay conditions (Rebordinos & Perez d e la Vega 1990).
The amount of allele frequency variance a s measured by FsT was fairly small at most loci and the overall differentiation between population~ was slight according to a mean FST of 0.031. This value was on the same order of magnitude as that reported for other local population of bivalves (BuI-oker et al. 1979 , Holborn et al. 1994 ). In the same way, for the oyster species Pinctada maxima the average FsT value with 6 polymorphic enzymes from 5 areas which span a distance of 3400 km was 0.104 (Johnson & Joll 1993) . Notably higher values have been described for species with no planktonic development (Johnson & Black 1991) .
